Steam reforming of methanol on different size Cu catalysts supported on alumina was investigated using a conventional flow reactor or the reactor combined with a micro-TG apparatus capable of simultaneous measurements of catalytic activity and the oxidation state of Cu. The apparent activation energy of the reaction rate was 18kcal/mol, and the reaction orders were 0.90, 0.50 with respect to methanol and water partial pressures, respectively. The major products were H2 and CO2. Dimethyl ether and CO with trace amounts of methane and formaldehyde were formed as minor. The active phase of Cu metal decreased due to the increase in oxygen-uptake during the reaction resulting in the state of Cu containing more oxygen. The reforming reaction rate markedly changed in the range of Cu particle sizes less than 10nm. This structure sensitivity is understandable from the decrease in the oxidation rate of Cu with increase in its particle size.
Introduction
Recently Fig. 1 . A 0.30g portion of the catalyst was packed in a Pyrex tube, and for 10min. The excess hydrogen was purged at the same temperature for 2min with a helium flow, and finally cooled to room temperature. The helium gas was purified by passing it through a MS-5A trap immersed in a liquid nitrogen bath and a oxygen absorber filled with a Cu catalyst. By this procedure, the water and oxygen in the carrier gas was decreased sufficiently so that reproducible experimental results were obtained. Pulses of CO of known volume were injected in front of the sample cell. Eluted CO was measured by means of a TCD. It was confirmed that CO adsorption on the support was not observed under this condition. Fig. 3 . The reaction orders for methanol and water are 0.9 and 0.5, respectively, indicating that water adsorbs more strongly on the catalyst surface than methanol.
Product distributions for a variety of feed gas composition are shown in Fig. 4 . It can be seen that steam reforming proceeds quantitatively at low methanol/water ratios according to Equation (1) . However, with increase in methanol concentration, the selectivity of dimethyl ether increases and that of hydrogen decreases. The formation of dimethyl ether from methanol is probably due to the acidity of the support according to Eq.
(2). It is considered that for low ratios of metha- A small amount of CO was consistently formed irrespective of the change in the ratio of methanol/ water more than one. The CO may be considered to stem directly from the decomposition of methanol (3). with dimethyl ether formation, and the CO formed seemed to retard the steam reforming.
Relationship between Oxidation State of Cu and Catalytic Activity
The amount of CO adsorption for metal surface area (S) and metal particle sizes (d) are summarized in Table 1 . The particle sizes loaded on the same support (catalysts 1 to 6) increase in proportion to the weight percentage of Cu.
Catalysts 7, 8, 11, which differ greatly in particle size were used to investigate the oxidation state of Cu. The overall oxidation state of bulk Cu, y, defined as CuOy, was obtained from the weight gain measured by micro-TG. After introducing methanol and water into the bed of reduced catalyst, the weight increase in the catalyst occurred Corresponding to the time course of y, the rate of hydrogen formation remains constant after several minutes.
The results obtained in the steady state of reaction are shown in Table   2 together with the reaction conditions.
A characteristic feature of this table is that y values decrease with increasing d. This indicates that higher activity is obtained on the surface of the less oxidative state of Cu. Further investigation was carried out using catalysts 9 and 10 prepared by means of ion-exchange method10) for Cu surface effect of Rh content on both y and activity on steam reforming are shown in Fig. 6 . Rhodium is regarded as being kept in the reduced state referring to the analysis of hydrogen-reductionrate process10) of oxidized Cu-Rh supported on the carrier. As can be seen in this figure, the y values in the steady state increase with increasing amount of Rh, and the Cu surface becomes more oxidative and its catalytic activity becomes lower due to its combination with Rh. When the introduction of methanol and water vapor into N2 stream was stopped, the y value in the steadystate reaction was kept the same, and it was readily restored to the base line (y=0) by hydrogen reduction. These observations indicate that y value stems from the oxygen uptake and not from another compound such as methanol.
To characterize more closely the relationship between oxidation state of Cu and catalytic activity for steam reforming, the initial oxidation rate processes were measured with micro-TG apparatus. Fig. 7 shows Elovich plots for oxidation on Cu with various particle sizes at oxidation temperature acterized by the fact that the steam reforming reaction on alumina supported Cu catalyst is structure-sensitive to Cu particle size in the range from 4 to 5nm, and insensitive in the range of more than 10nm. This inverse correspondence between oxidation rate of Cu and steam reforming reaction rate leads to the conclusion that by the use of a Cu catalyst of considerably large particle size (>10nm), which is not easily oxidized during the reaction, a more enhanced catalytic performance can be realized. 
